Chatter vibration is detrimental to the quality of the metal strip in the rolling process. A numerical model was proposed to investigate the vibration characteristics. A rolling mill that includes the driving system was modeled by multibody dynamics to investigate the cause and characteristics of the chatter vibration. The proposed numerical model was validated by theoretical analysis and an experiment that was carried out during manufacturing. The frequency of chatter with high amplitude was in the range computed theoretically by the equation for chatter frequency. The range of chatter frequency was very similar to that predicted by the multibody dynamic analysis, if the speed range of the work roll was in steady state. Because the derivative of the chatter frequency was different from that of the gear mesh frequency (GMF), it could be claimed that the frequencies of the chatter and the gear mesh were not related. It was observed in the analysis that the GMF generated by the helical gear was transmitted to the work roll. The amplitudes of the gear mesh and chatter frequencies became high when the rolling force was high, but the chatter frequency did not occur when there was no rolling force. The effects of the speed of the work roll and the ratio between the dynamic and static components of the rolling force to the chatter vibration were also investigated. We found the chatter frequency that affects vibration of the rolling mill strongly, and analyzed the effect of the rolling parameters on chatter frequency.
Introduction
Chatter is the phenomenon caused by vibration between the workpiece and the manufacturing machine. Because the chatter reduces the quality of products in the grinding and milling operation, it constitutes a major problem. The chatter vibration of the rolling process also has a significant effect on the surface and thickness of the metal strips.
Chatter vibration is classified into three types: low-frequency forced vibration, third octave gauge and fifth octave. In low-frequency forced vibration, frequencies are usually lower than any of the resonant frequencies of the mill stand and in this case, the vibration is affected by the stiffness of the mill and workpiece being rolled, as demonstrated by Farley et al. 1) It is worsened by torsional vibration of the mill. The third octave gauge chatter vibration is caused by excitation of one of the natural resonances of the mill stand.
2) It has a natural frequency between 100 and 300 Hz for the system. In the fifth octave chatter vibration, typical sources may be the forced vibrations from defective gear teeth, roll bearings, drive couplings and a poor surface of the work roll. The chatter frequency is usually in the range 600-1 200 Hz.
Chatter models were formulated by Yun et al. 3) to investigate chatter vibration as a consequence of the interaction between the structural dynamics of the mills and the dynamics of the rolling process. Son et al. 4) analyzed sources of the mill vibration by measuring the vibration frequency and torque. Defects in the roller bearings of the work roll chock and an oil film bearing in the backup roll chock were presented as sources of vibration. Wu et al. 5) analyzed the mechanism of excitation caused by roll bearing structures. They found that the periodic change in the stiffness of the bearings may cause the amplitude and frequency modulation in the vibration of the mill. Self-excited and nonlinear parametric vibration in the cold rolling processes was analyzed by Bar and Swiatoniowski. 6) Chatter vibration of a cold rolling mill was analyzed using the finite element method to investigate the influence of rolling parameters such as rolling speed, reduction of strip and friction coefficient on chatter vibration, as demonstrated by Mehrabi et al. 7) Vibration analysis of the work and backup rolls was performed using a numerical model that assumed that the mill stand and the strip could be analyzed separately because a coupled analysis of strip and rolls is expensive in terms of computational time. 8) In this work, we investigated the dynamic behavior of the © 2012 ISIJ cold rolling mill in the Gwangyang Works of POSCO. For the experimental study, the acceleration of the roll, rolling force and speed of the work roll were measured by accelerometer, load cell and tachometer, respectively. The numerical model of the rolling mill including the driving system was built for multibody dynamic analysis. The model was validated by experiment. The effects of the rolling parameters such as rolling force and speed on chatter vibration were investigated.
Theoretical Background
The chatter mark is a series of marks made by vibration of the rolls and the strip. If the chatter pitch and line velocity of strip are known, the chatter frequency can be expressed as Eq. (1) (1) where Vl (MPM) is the line velocity of the strip, and Pc (mm) is the chatter pitch.
9) The chatter pitch is the gap between the dark bands, which are a series of marks on the strip caused by vibration of the rolls. Although the chatter mark was very indistinct and it was very difficult to measure exact chatter pitch, the chatter mark on the strip could be observed by grindstone inspection in bright light. The chatter frequency computed by the equation for chatter frequency ranges from 974 to 1 461 Hz, considering the chatter pitch (12 mm) and the range of the rotational speed of the work roll (8) (9) (10) (11) (12) .
The gear mesh frequency (GMF) occurs because of eccentricity of the gear, inappropriate backlash, abrasion of the gear, etc. The gear mesh frequency can be computed as Eq. (2):
where Z is the number of gear teeth, w (Hz) is the rotational speed and k is an integer. The GMF was 354.96 × k Hz for the model because the gear had 34 teeth and the rotational speed was 10.44 Hz, as measured by an optical sensor in the rolling process.
If the defects of the gear worsen, harmonic components of the GMF occur and the GMF has sidebands of the rotational speed. 10) In the case of eccentricity, many sidebands of the rotational speed occur around the GMF. Misalignment of the gear causes frequency of rotation, (2 × GMF) and (3 × GMF) with high amplitude. A crack on the gear causes frequency of rotation with high amplitude and the shock wave. If amplitudes of the GMF and the sidebands are high, defects on the gear have to be analyzed.
Experiment

Vibration Measurement of the Rolling Mill
The cold rolling process is usually conducted with a workpiece that is initially at room temperature. A schematic illustration of the 6-high cold rolling mill is shown in Fig.  1 .
11) The stands are arranged to produce a sequential reduction in the thickness of the strip. Work rolls are the tools directly in contact with the rolled strip. The intermediate rolls and backup rolls support the work rolls to reduce their deflection under the rolling load. The spindles transmit the torque of the helical gears in the pinion stand into the work roll. 12) An accelerometer was installed on the chock of the work roll to measure the vibration acceleration of the work roll. Fast Fourier Transform (FFT) of the acceleration was obtained and analyzed for the vibration characteristic of the work roll. Reflective tape was attached on the surface of the spindle and the speed of the work roll was measured by the tachometer. The rolling force was also measured by the load cell.
Surface Profile of the Strip
The surface profile of the strip that had the chatter mark was measured by Alpha-Step IQ Surface Profiler. Figure 2 shows the surface profile of the strip with the chatter mark in the moving direction of the strip. The profile from the dark band to the bright band was upward, as shown in Fig.  2(a) , but the profile from the bright band to the dark band was downward, as shown in Fig. 2(b) . By comparing the two graphs, it was confirmed that the bright band was convex and the dark band was concave. The chatter mark is the periodic change in thickness of the strip.
Results and Discussion
Validation of the Numerical Model
A numerical model of the rolling mill including the driving system was built as rigid bodies to perform the multibody dynamic analysis. The static rolling force of the mill was measured and the dynamic rolling force was computed according to the analytical model. Because the 6-high cold rolling mill is structurally symmetrical, only the upper part of the rolling mill was investigated. The work, intermediate and backup rolls were included in the model. Additionally, the helical gears that transmit the torque into the spindle and the spindle that transmits the torque into the work roll were included, as shown in Fig. 3 . The spindle consists of three components that are connected by two universal joints. The driving helical gear rotates the driven helical gear. The model took into account transmission of the torque by friction contact between the rolls. Roller bearings that support the axle of helical gears and both ends of the rolls were modeled by spring-damper elements. Gravity was applied to all the components along the negative z-direction. Table 1 shows the conditions for the experiment and numerical simulation.
MotionSolve from HyperWorks 13) was used for the analysis. The driving helical gear was rotated at the speed of 10.44 Hz measured by an optical sensor. A rolling force of 10 153 350 N measured by the load cell was applied to the work roll. The numerical model was validated by the experimental results. Figure 4 shows the numerical simulation and experiment of the FFT of the work roll for acceleration in the vertical direction. 355 Hz was the GMF of the helical gear and 1 190 Hz was the chatter frequency of the work roll. The frequency of 1 190 Hz with high amplitude was included in the chatter frequency range of 974 to 1 461 Hz, which was previously computed by Eq. (1). The chatter frequency was caused by the vibration of rolls, but the amplitude of the chatter vibration was restricted by the constraints between work roll and spindle in the driving system. It was confirmed that the GMF produced by the helical gear was transmitted to the work roll. The numerical model of the rolling mill including the driving system, which consists of the spindle and helical gears, was reliable because the numerical simulation was compatible with the experimental result. Figure 5 shows the FFT numerical simulation of the acceleration of the driven helical gear in the vertical direction. The result indicates not only the first GMF, but also the frequencies of (2 × GMF) and (3 × GMF). The chatter frequency of 1 190 Hz, which was generated in the work roll, Fig. 3 . Numerical model of the cold rolling mill. did not appear; therefore, it was not related to the helical gear. We confirmed that the GMF generated by the helical gear was transmitted to the work roll through the spindle, but the amplitude decreased because the amplitude of the first GMF of the driven helical gear was very high compared with that of the work roll. Figure 6 shows numerical simulation of the FFT of the work roll acceleration with varying rolling force. When no rolling force was applied to the work roll, it did not generate the frequency of 1 190 Hz, but low amplitudes were obtained at GMFs of 355 Hz and (2 × 355 Hz) (Fig. 6(a) ). When a rolling force was applied to the work roll, it generated not only the GMF but also chatter frequency of 1 190 Hz, which indicated that this chatter frequency was caused by the rolling force. As the rolling force increased, the amplitude of GMF and the chatter frequency also increased. There is no direct experimental data related to the numerical analysis in this paper because the rolling force was fixed during the manufacturing process. But the phenomenon that the amplitude of the chatter frequency increased with the rolling force was generally well known. The phenomenon was well explained by the verified numerical model.
Parametric Analysis of the Numerical Model
The rotational speed of the work roll ranged from 8 to 12 Hz in the steady state. To investigate the effect of rotational speed, the driving helical gear was rotated at varying speeds in numerical simulation. Figure 7 shows numerical simulation of the FFT of the work roll acceleration at different rotational speeds. The gear mesh frequency was 272 Hz at the rotational speed of 8 Hz because the number of gear teeth was 34. There are the GMF of 272 Hz and the chatter frequency of 912 Hz, as shown in Fig. 7(a) . Figure 7(b) shows the numerical simulation for the rotational speed of 12 Hz, in which GMF was 408 Hz and chatter frequency was 1 368 Hz. Thus, the chatter frequency ranged from 912 to 1 368 Hz, if the speed range of the work roll in steady state was considered. As the rotational speed increased, the amplitudes of the gear mesh and the chatter frequency also increased, as shown in Figs. 4(a) and 7. Figure 8 shows the relationship between the rotational speed and frequency. GMF and the chatter frequency are proportional to the rotational speed. Because GMF can be computed by Eq. (2), the derivative is dependent on the number of gear teeth. The chatter vibration was not related to the driving system because the derivative of the chatter frequency was different from that of the GMF in the relationship between the rotational speed and frequency. When no rolling force was applied to the work roll, the chatter frequency was not generated. Therefore, the chatter vibration was the vibration of the rolls caused by contact stiffness between rolls when the rolling force was applied. As the speed of the work roll and the rolling force increased, the amplitude of the chatter frequency also increased.
The vibration of the rolling mill and strip has generated 14) The reaction force of the strip being rolled can be described using the relationship as Eq. (3) (3) where K is the yield stress for the unidirectional compressive test, σ m is the average value of stress applied on the strip, d is the average width of the strip, R is roll radius and Δh is the change in the strip thickness between the inlet and the outlet of the rolling stand. The dynamic component can be expressed as Eq. (4): ......... (4) where y is the vertical displacement of the work roll, which is assumed to be periodic and can be expressed as Eq. (5) (5) where ωk is the critical angular speed corresponding to the frequency of resonance of the mill stand, t is the time and ϕ 0 is the phase angle. Coefficient A affects only the amplitude of the dynamic component. Figure 9 shows the numerical simulation of the FFT of the work roll acceleration with 
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), ω ϕ 0 © 2012 ISIJ the rolling force including the static and dynamic components in which amplitudes of the dynamic component are 0.01%, 0.1% and 1% of the static component. When the amplitude of the dynamic component was 0.01% of the static component, the amplitude of the chatter frequency of 1 190 Hz was very similar to the case when only the static component of the rolling force was applied. In this case, the amplitude of the dynamic component was so low that the dynamic component did not affect the chatter frequency. When the dynamic component was 0.1% of the static component, the amplitude of chatter frequency of 1 190 Hz increased, as shown in Fig. 9(b) . When the dynamic component was 1% of the static component, the amplitude of the chatter frequency of 1 190 Hz became very high, as shown in Fig. 9(c) . Although the dynamic component was very small, 0.1% of the static component, it could affect the amplitude of the chatter frequency. The dynamic component had to be decreased to reduce chatter vibration.
Conclusion
The dynamic behavior of a cold rolling mill that includes the driving system was investigated by multibody dynamics. The proposed numerical model was validated by theoretical analysis and experiment. The chatter frequency was 1 190 Hz by numerical simulation and experiment, which is within the range 974-1 461 Hz predicted by the theory. The range predicted by the theory was very similar to that predicted by the multibody dynamic analysis, which ranges from 912 to 1 368 Hz. A GMF of 355 Hz generated by the helical gear was transmitted to the work roll through the spindle.
When no rolling force was applied to the work roll, the chatter frequency was not generated, but GMFs were generated. However, when a rolling force was applied to the work roll, it generated high amplitudes not only for the GMF but also for the chatter frequency, which means that the chatter frequency was caused by the rolling force. As the rolling force increased, the amplitude of the chatter frequency and GMF also increased. The chatter frequency was not related to the GMF, because the derivative of the chatter frequency was different from that of the GMF.
As the speed of the work roll and the dynamic component of the rolling force increased, the amplitude of the chatter frequency also increased. Although the dynamic component was very small compared with the static component, it could strongly affect the chatter frequency. It was confirmed that the amplitude of chatter vibration could be reduced by controlling the speed of the roll, and the static and dynamic components of the rolling force.
